The intracluster medium (ICM) is a multi-phase environment, dynamically regulated by active galactic nuclei (AGN), the motions of cluster member galaxies, and mergers with other clusters or massive groups. AGN can provide a central heating source necessary to prevent runaway cooling flows, but their role in determining the thermodynamic structure of the ICM in the cores of galaxy clusters is still poorly understood. A self-consistent model for the evolution of the ICM, AGN, and the brightest cluster galaxy (BCG) requires fully cosmological simulations with high resolution in order to fully capture both the multiphase nature of the ICM as well as feedback processes from AGN and stars. We use the RomulusC cosmological galaxy cluster simulation, which follows the evolution of a 10 14 M cluster at unprecedented resolution with full hydrodynamic treatment and state-of-the-art, well-tested models for feedback from stars and supermassive black holes. While the central AGN drives powerful, collimated outflows that regulate star formation in the BCG, we demonstrate that they are incapable of destroying the cool core. Instead, the cool core is eventually destroyed by a head-on 1:8 merger with a massive galaxy group. We show how AGN feedback affects gas cooling on large-scales resulting in an evolution of the cooling to free-fall time ratio and the eventual quenching of the central BCG. We contrast this phase of AGN regulation with the merger event, which remains on-going at z = 0. The merger disrupts the cool core, increasing the central entropy of the cluster and extinguishing any remnants of either star formation and AGN activity. These results indicate that cool core clusters are generally transformed into non-cool cores by mergers rather than feedback processes. They also demonstrate how feedback loops between AGN and gas cooling from the ICM on ∼ 10s kpc scales can effectively regulate star formation in massive galaxies without disrupting the thermodynamic structure of the ICM.
INTRODUCTION
Galaxy clusters are the largest virialised objects in the Universe, and serve as a powerful laboratories for astrophysics and cosmology. One of the outstanding questions for cluster formation includes a dichotomy in the properties of cluster cores (De Grandi & Molendi 2002; McCarthy et al. 2004 McCarthy et al. , 2008 Edwards et al. 2007; Bildfell et al. 2008; Sun 2009 ; E-mail: urmila.chadayammuri@yale.edu Cavagnolo et al. 2010; Voit & Donahue 2014; McDonald et al. 2018 McDonald et al. , 2019 : cool-cores (CCs) have X-ray emitting gas with central entropies of <20 keV cm 2 , significant H-α and infrared emission from cold gas, and their central galaxies show signs of ongoing star formation and strong AGN activity. The central entropy in non-cool-cores (NCCs) is an order of magnitude higher, there is no evidence of recent star formation in their central galaxies, and they show no detection of cold gas. Depending on the exact criteria for classifying cores into these two categories, mass-selected samples show the fraction of CC to be ∼ 35 − 40% (Andrade- Santos et al. 2017) . This fraction has remained relatively constant since z 1.3 (Santos et al. 2010; Sanders et al. 2018) . The lack of redshift evolution in the CC fraction means either that a cluster's core state is set early in its evolutionary history and remains unchanged, or that there is a coincidental balance between the processes that turn CCs into NCCs and vice versa.
Since they are successful in suppressing cooling flows and star formation, AGN feedback has been suspected as one of the mechanisms for forming NCCs in galaxy clusters (Babul et al. 2002; Voit & Donahue 2005; McCarthy et al. 2008; Sun 2009; Guo & Mathews 2010) . Modern cosmological simulations that include AGN feedback are able to produce fractions of CC/NCC clusters that are in agreement with the observations. However, a clear sense of how this dichotomy is established and maintained still remains elusive. Rasia et al. (2015) reproduced a realistic population of cool and NCCs using an improved SPH scheme along with a twomode AGN feedback model corresponding to the quasarand radio-modes with different efficiencies (Steinborn et al. 2014) . However, the authors attribute their success primarily to an artificial thermal conduction term in their hydrodynamic solver, which increases core entropy by better mixing gas at larger radii and reducing the sinking of cold clumps to the core (Beck et al. 2016) . Weinberger et al. (2017) implement feedback as a momentum injection for massive black holes with low accretion rates which drives large-scale outflows by design, given sufficient resolution (Smith et al. 2018) . This produced CC fractions consistent with observations at z = 0, though the evolution of this fraction with redshift may be steeper than observed (Barnes et al. 2018) .
Cluster mergers can heat the ICM more directly as well. With as much as 10 64 ergs of initial kinetic energy, mergers are more than capable of significantly modifying the structure of a cluster core through the shocks and mixing they engender. In addition, based on a joint X-ray and weak lensing analysis of observed systems, Mahdavi et al. (2013) do find a systematic differences in hydrostatic equilibrium between cool core and non-cool core cluster populations. On the other hand, Barnes et al. (2018) find that the simulated CC clusters are not any more relaxed than NCC clusters. Poole et al. (2006 Poole et al. ( , 2008 and Hahn et al. (2017) find that low angular momentum mergers do not always disrupt CC and even when they do, the central cooling time often does not increase more 0.1t H . Overall, the emerging picture is that while mergers are necessary for explaining the CC/NCC dichotomy, other factors, such as merger mass ratios and impact parameters, likely play a critical role. Since mergers are an integral feature of the hierarchical structure formation paradigm, they offer a compelling pathway for transforming CC into NCC. However, studies have also found that in the presence of radiative cooling, the transformation has a typical lifetime of only 3-4 Gyrs, after which the CC is re-established (Poole et al. 2008; Burns et al. 2008) .
Recent observations of H-α, infrared and molecular line emission have further showcased the multi-phase nature of the intracluster medium (ICM), and the role of cold gas in mediating the feedback loop between AGN and the ICM (Salomé et al. 2006; Peterson 2006; Risaliti et al. 2010; Grier et al. 2012; Tremblay et al. 2016) . While the warm-hot ICM in the cluster core exists in rough global thermal balance, it is susceptible to local thermal instabilities when the ratio of the cooling time (t cool ≡ E therm /[n 2 Λ(T, Z)], where Λ is the gas temperature and metallicity-dependant radiative cooling function) and the gravitational free-fall time to the centre of the cluster (t ff ≡ 2r/g, where g = GM(< r)/r 2 ) drops below a threshold typically in the range 5-20 (McCourt et al. 2012; Sharma et al. 2012) . At that point, cold dense clouds start to condense out of the warm-hot ICM. These clouds fall towards the cluster centre and eventually accrete onto the central black hole (see e.g., Gaspari et al. 2013; Prasad et al. 2015 Prasad et al. , 2017 Prasad et al. , 2018 Li et al. 2015) . Black hole accretion, and therefore activity, is thus set by the precipitation rate of cold gas from the warm ICM.
CC clusters show cooling times decreasing monotonously toward the centre, and a steep anticorrelation between the H-α luminosity, a tracer of the AGN activity, and the ratio between the cooling and free-fall time . The strong anti-correlation between cooling times and AGN luminosity was taken as evidence of a tightly regulated feedback loop in CC clusters. The NCC, on the other hand, had longer cooling times that flattened in the central regions and no detectable cold gas, indicating that the AGN-ICM self-regulation mechanism is somehow disrupted in these systems.
Since the cold gas has a very low volume filling factor, capturing the formation of the multi-phase medium and the stochastic accretion of cold clouds requires resolution that has so far remained in the domain of idealised simulations (Gaspari et al. 2013; Prasad et al. 2015 Prasad et al. , 2017 Yang & Reynolds 2016b; Li et al. 2017) . Idealised simulations allow controlled experiments and very high resolution, but crucially lack cosmological context. The amount of cold gas fueling the AGN activity is strongly boosted by the presence of turbulence triggered self-consistently by AGN outflows (Prasad et al. 2017) . In realistic cosmological environments, bulk and turbulent gas motions will also arise from mergers and interactions of galaxies and galaxy groups within the cluster, and of the cluster as a whole with other structures on larger scales.
The primary goal of this project is to understand how AGN and mergers regulate the thermal state of cluster cores, as mediated by cold phase gas. Such a model for AGN in galaxy clusters thus requires cosmological context, higher resolution, a careful accounting of numerical effects on heating and cooling, and minimal unconstrained parameters. In this paper, we use the high-resolution, cosmological, hydrodynamic, zoom-in galaxy cluster simulation RomulusC to study in detail the relative roles of AGN and major, head-on mergers in shaping the structure of cluster cores. RomulusC simulates a cluster with z = 0 mass 1.5 × 10 14 M and with spatial and mass resolution of 250pc and 10 5 M respectively, it is one of the highest resolution cosmological simulation of a halo of this mass to date, comparable only to the most massive halo from the TNG50 simulation (Pillepich et al. 2018; Nelson et al. 2019) . As discussed in ?, the ICM core in RomulusC remains cool until the onset of a 1:8 mass ratio merger at z∼0.14 while star formation quenches prior to this due to AGN feedback providing a unique laboratory to study the relative effects of AGN feedback and mergers on ths ICM.
We describe the RomulusC simulation and its key baryonic physics prescriptions in §2. §3 presents the evo-lution of thermodynamic profiles, cooling time and precipitation rate, and discusses the roles of direct AGN heating, turbulent heating and mixing by sloshing. We discuss our results in light of previous work and important caveats in §4. Conclusions are summarized in §5.
THE ROMULUSC SIMULATION
RomulusC ) is a zoom-in cosmological simulation of a galaxy cluster with initial conditions extracted from a 50 Mpc-per-side dark matter-only simulation using the standard volume renormalization technique of Katz & White (1993) and re-run with higher resolution and full hydrodynamic treatment using the Tree+SPH code, ChaNGa (Menon et al. 2015) . The Romulus simulations use a spline kernel force softening of 350 pc (corresponding to a Plummer softening of 250 pc) and a minimum SPH smoothing kernel of 70pc. With dark matter and gas mass resolutions of 3.4 × 10 5 M and 2.12 × 10 5 M respectively, Ro-mulusC resolves substructure down to 3 × 10 9 M with over 10 4 particles, naturally including interactions between the ISM of infalling galaxies with the ICM of the cluster environment through (e.g. ram pressure). The cluster reaches a mass of 1.5×10 14 M by z = 0, on the lower end of cluster masses. ChaNGa uses prescriptions for gas cooling, star formation and feedback, and UV background from Gasoline (Governato et al. 2010) , turbulent dissipation (Wadsley et al. 2017) and introduces a new model for supermassive black hole (SMBH) accretion, feedback, and dynamical evolution. All the free parameters for sub-grid models related to SMBH or stellar physics were tuned to reproduce a series of scaling relations for galaxies of Milky Way mass or smaller , so that results on the cluster scale are purely predictions of the model. The simulation assumes Planck cosmology: Ω m = 0.3086, Ω Λ = 0.6914, h= 0.67, σ 8 = 0.82 (Planck Collaboration et al. 2015) .
Star formation and gas physics
Star formation is triggered if a gas particle has density greater than 0.2m p cm −3 and temperature less than 10 4 K. A star particle of mass m * forms out of a gas particle of mass m gas with the probability:
where the local dynamical time is t dyn = 3π/(32Gρ), the characteristic timescale is taken as ∆t = 10 6 yr for star formation, and the star formation efficiency c * = 0.15. The latter is a free parameter tuned in Tremmel et al. (2017) to reproduce a series of scaling relations for MW-sized and dwarf galaxies. Star particles are assumed to follow a Kroupa IMF (Kroupa 2001) to compute metal enrichment. Supernova feedback is implemented as a thermal injection with 75% coupling efficiency accompanied by a cooling shutoff in the surrounding gas, following the 'Blastwave' formalism from Stinson et al. (2006) . ChaNGa includes an updated SPH implementation that uses a geometric mean density in the SPH force expression, allowing for the accurate simulation of shearing flows with Kelvin-Helmholtz instabilities (Ritchie & Thomas 2001; Governato et al. 2015; Menon et al. 2015) . The most recent update to the hydrodynamic solver is the improved implementation of turbulent diffusion (Wadsley et al. 2017) , which does not occur on sub-resolution scales in traditional SPH codes (see Rennehan et al. 2019 and references therein) . In the presence of gravity, where buoyancy and conduction lead to the separation of low and high-entropy gas, traditional SPH codes produce unphysically low-entropy cores (Wadsley et al. 2008; Mitchell et al. 2009 ) and fail to distribute metals over large radii (Shen et al. 2010; Rennehan et al. 2019) . The combination of a gradient-based shock detector,timedependent artificial viscosity, and an on-the-fly time-step adjustment system allows for a more realistic treatment of both weak and strong shocks (Wadsley et al. 2017) . The CHaNGa solver is thus better numerically equipped to study the thermodynamics of turbulent environments, such as the ICM with frequent merger activity and AGN outflows.
The Romulus SMBH Model
The model for SMBHs and the AGN they generate in Romulus differs from standard implementations in several key ways. First, black holes seeding depends directly on gas particle properties, instead of the host halo mass, as is common in the literature. Second, accretion is tied to not only the gas bulk velocity near the black hole, but also its rotation, coupling the feedback to gas kinematics. Thirdly, the feedback model is minimal, without prescribing a mass or accretion rate dependence to the feedback mode. The AGN model is described in further detail in Tremmel et al. (2017) , so we only provide a brief overview here to highlight the aspects relevant to the AGN-merger connection and impacts on core gas properties.
Black hole seeding
Black holes are initially seeded in the simulation from gas particles that are (i) 15 times denser than the threshold for star formation, (ii) has very low metallicity (Z < 3×10 −4 ), and (iii) a temperature just below the limit of atomic cooling, 9500-10 4 K. This physically identifies dense, quickly collapsing regions that are most likely able to grow a 10 6 M black holes in the early Universe. Most other cosmological simulations posit instead that every halo will contain a SMBH by the time its mass hits a certain threshold, usually 10 10−12 M (e.g., Sijacki & Springel 2005; Steinborn et al. 2014; Weinberger 2016; Stevens et al. 2017) . In comparison, SMBHs in Romulus are seeded at higher redshift and in lower mass halos (10 8 − 10 9 M ) in RomulusC. AGN feedback in Romulus halos correspondingly starts much earlier (z 5) than in other comparable simulations, and a preheating scenario is more likely to be captured. Sharma et al. (2019) show that AGN feedback can have and affect even on low mass galaxies in low density environments, highlighting the importance of modeling these feedback processes in the early Universe. 
Black hole accretion and feedback
Accretion is a slightly modified version of the Bondi (1952) model:
where ρ, c s and v bulk are the density, sound speed and bulk velocity of the gas particles neighboring the black hole, and n th, * the critical density for star formation. The density dependent boost factor α, identical to that of Booth & Schaye (2009) , acknowledges that gas with densities n higher than the threshold for star formation n th, * will have unresolved, multi-phase structure. Calibrating against a series of observed black hole scaling relations, the best-fit value for β was 2 .
A key difference from the Bondi model is the introduction of v θ , the rotational velocity of the gas around the black hole. This explicitly accounts for rotational support against free fall into the black hole. v θ is computed as the velocity a parcel of gas would have at one softening length g away from the black hole, if angular momentum from larger scales were conserved. This introduces a coupling between feedback and gas kinematics. When there is little to no coherent rotation measured at these scales, the model reduces to the Bondi rate boosted by the factor from Booth & Schaye (2009) .
Energy is fed back into the surrounding gas as a thermal injection accompanied with cooling shutoff for the duration of one black hole time step, similar to the blastwave model of Stinson et al. (2006) . Black holes and the gas particles around them are placed on the smallest global timestep of 10 3 − 10 4 yrs, so that the cooling shutoffs are short compared to the local free fall time (3-5Myr) and gas dynamics that thermal properties are more continuously sampled when calculating accretion and feedback. The cooling shutoff aims to address the artificial overcooling resulting from insufficient resolution, and has been shown to produce better convergence in gas properties than other versions of thermal feedback and kinetic/momentum-driven feedback (Smith et al. 2018) .
The feedback energy is proportional to the accretion rate,
where the radiative efficiency E r is assumed to be 0.1 and the best fit value for E f was found to be 0.2 . The numerical resolution of RomulusC allows for the injection of thermal energy from SMBH feedback to occur on scales of ∼100pc. This is observed to drive outflows on scales of 10s-100s of kpc Pontzen et al. 2017) with neither explicit large-scale implementations nor momentum injection. This feedback prescription, unlike recent simulations in the literature (Sijacki & Springel 2005; Dubois et al. 2013; Sijacki et al. 2015; Weinberger et al. 2017; Oppenheimer et al. 2018 ) does not distinguish between quasar and radio mode at different accretion rates. These simulations distinguish between an inefficient radiative/quasar mode and a more efficient kinetic/radio mode occuring typically for more massive black holes with lower eddington ratios. We choose to keep the feedback prescription simple, since the microphysics of AGN feedback are still poorly understood and are sensitive to parameters like black hole spin and magnetic fields that are beyond current detection methods. Besides producing large-scale outflows, our constant efficiency thermal feedback with a cooling shutoff reproduces scaling relations for galaxies at a range of masses . We refer the reader to §2.2 of Tremmel et al. (2019) for a more detailed discussion. 
RESULTS

The four epochs of cluster dynamics in RomulusC
In order to investigate the impacts of AGN feedback and mergers, we consider the cluster at four different epochs shown in Fig. 1 . The duration of each epoch is kept at ≈ 0.5Gyr, about twice the dynamical time in the core, so that stochasticity in the AGN activity does not dominate our results. We compute the specific star formation rate history within the 0.1R 500 of the halo, so focusing on the BCG, smoothed over 25 Myr intervals. The first period (7.3-7.7 Gyr, dark blue) captures the cluster in isolation with relatively low AGN activity and a highly star forming BCG. Next, (9.2-9.7 Gyr, light blue) the cluster is still isolated, but AGN activity is ∼3 times higher and star formation has fallen by one and a half orders of magnitude. By the third epoch (10.8-11.3 Gyr, orange), star formation is completely quenched and AGN activity is at similar values to the first epoch. Finally, a 1:8 head-on merger turns the CC into NCC (12-12.5 Gyr, red), and the AGN activity falls by two orders of magnitude. The first three epochs, bracketing the range of AGN activity levels, allow us to isolate the role of AGN in regulating the ICM and vice versa. We can then compare these to the situation during the merger in the last epoch.
The r 500 at each of these epochs is 287, 388, 481 and 601 kpc, respectively. Fig. 2 shows the density, temperature, pseudo-entropy K ≡ k B T (r) × n e (r) −2/3 , and pressure during each of these epochs within 500 kpc of the cluster core (i.e. 1 Mpc a side). Each image is a projection along the line of sight, with the density weighted by volume, temperature weighted by mass, and the entropy and pressure computed from the first two weighted maps. We see that when the cluster is isolated and there is a strong CC, its temperature is around 1 keV and the density is particularly high, almost 50 times higher than in the NCC state in the last panel. Tremmel et al. (2019) delves deeper into the isolated phases of the cluster, highlighting the large-scale AGN outflows. The outflows are, in the first instance, collimated by the local ISM structure of the BCG to maintain a relatively narrow jet-like configuration. The flow, however, is constantly buffeted and bent by bulk motions in the ICM, allowing feedback energy to be distributed more isotropically on larger scales over time. This potentially solves the challenge of forcing changes in the direction of the bipolar jets, which result in inefficient heating when pointed in a single direction Cielo et al. 2018) .
The in-falling substructure appears in the third panel as a low-entropy, high density, and low temperature sphere to the bottom of the cluster centre as it can already been seen to have an affect on the cluster outskirts. The final panel is 0.5 Gyr after the first pericenter passage of this substructure, the core entropy is visibly less cuspy than the AGN-loud snapshot, indicating that the merger increases the entropy more than the strongest AGN feedback episode. There is no central reservoir of cool gas, consistent with the 2.5 orders of magnitude drop in AGN activity since the onset of the merger. It is the merger itself, and not AGN activity, that disrupts the CC. Fig. 3 zooms in on the four snapshots immediately surrounding the first pericenter passage of the merging substructure, and has a smaller box size of 300kpc a side. The top three maps show clear evidence of bulk motions of gas. This bulk movement takes high density, low temperature gas from the core and mixes it with warmer gas at larger radii. The temperature map shows, however, that gas is also heated during the pericenter passage. The bottom panel shows that this is coincident with a shock wave, which has expanded to ∼150kpc by the following snapshot. This implies that the CC disruption occurs not only from removing cool, dense gas from the core and mixing it with less dense, hotter gas from further out, but also by shock heating of the central gas by the merging substructure. This heating channel is also found to be significant in idealised simulations (McCarthy et al. 2004; Poole et al. 2008 ). Fig. 4 shows the evolution of ICM profiles through the four epochs. All radial profiles are computed for gas hotter than 10 6 K, to match the sensitivity of the Chandra Xray telescope observations. The density is volume-weighted, while all other quantities are mass-weighted. Outside about 0.3R 500 (∼200kpc at z = 0) the cooling time is longer than the age of the universe, rendering thermodynamic profiles at all four epochs to be self-similar and hence, indistinguishable . We focus on the evolution of the core.
When the cluster core is isolated and AGN activity is low (dark blue), the entropy profile is flat within the central 0.04R 500 , and the entropy itself is low. The cool gas can be particularly unstable to precipitating out of the ICM through thermal instabilities (e.g., Prasad et al. 2015 Prasad et al. , 2017 Prasad et al. , 2018 Voit 2018) fueling star formation and AGN activity. A violent AGN feedback episode (light blue) raises the average entropy slightly outside of the central region, r ≈ (0.03 − 0.2)R 500 , while the central entropy remains unaffected. Importantly, the cluster remains a CC cluster during this more violent AGN episode, even though it quenches star formation in the brightest cluster galaxy (BCG) . The entropy increase corresponds primarily to temperature increase in this region. This suggests that heated particles rise rapidly until they reach equilibrium with their surroundings, and as such are never in a position to significantly heat other gas particles very close to the AGN. The net result is an increase and a steepening of the entropy profile at r = (0.02 − 0.2)R 500 , which lead to reduced infall of cold gas, reduced AGN activity, and thus self-regulation of the AGN-ICM loop similar to what is seen in analytic and idealized simulations (Voit et al. 2017) .
The lower right panel of Fig. 4 shows that within the scatter in each epoch, neither the merger nor AGN activity affects the thermal pressure profiles. This supports the claim that the pressure profiles exhibit a remarkable level of selfsimilarity (Nagai et al. 2007b; Arnaud et al. 2010 ) and that its integrated counterpart, the core-corrected Compton Y, ought to be robust mass proxy (Nagai 2006; Kravtsov et al. 2006; Poole et al. 2007 ) even in presence of AGN feedback and mergers.
AGN feedback and mergers as regulators of gas cooling
Observations and idealised simulations suggest that the AGN-ICM feedback loop is regulated by gas cooling out of the ICM. The multi-phase structure in the ICM arises naturally when heating and cooling balance globally and the minimum of the ratio t cool /t ff falls in the range ∼ 5 − 30 (Mc-Court et al. 2012; Sharma et al. 2012; Prasad et al. 2015; Hogan et al. 2017; Pulido et al. 2018 ). Under such conditions, local density enhancements driven, for example, by turbulent (c.f. Gaspari et al. 2013; Prasad et al. 2017 Prasad et al. , 2018 , and references therein) velocity perturbations are thermally unstable and condense into clouds that then decouple from surroundings and rain down upon the BCG, driving star formation and powering the central AGN (Gaspari et al. 2013; Prasad et al. 2015 Prasad et al. , 2017 Prasad et al. , 2018 Li et al. 2015; Tremblay et al. 2016 ). Fig. 5 shows the distribution of entropy of all the gas particles within 500 kpc of the halo centre during each of the four epochs. The mass-weighted profile of the hot (T > 10 6 K) X-ray emitting gas is highlighted in purple. Particles that were close to the central SMBH at any recorded snapshots are shown in red. These particles are likely to have received Figure 3 . Maps of density, temperature, entropy pressure within the radius of 150kpc from the halo center immediately around the CC disruption event. The shown region is 300kpc in size. The substructure is outside this region in the first two snapshots, punches through the core of the main halo at 11.97 Gyr, creating a high pressure bubble that expands and heats the ICM by 12.15 Gyr. Throughout this time period, AGN activity is 1-2 orders of magnitude lower than when the cluster was isolated, so that it cannot cause the heating. either direct thermal energy injection from AGN feedback, or have been swept up by the very beginning of AGN-driven outflow events. This is only a subset of such particles, since intermediate snapshots are not recorded, and gas that was heated at those times quickly moves out to larger radii. However, it shows why AGN heating can co-exist with cold, low entropy gas in the core, as seen in Fig. 4 in Tremmel et al. (2019) .
In the first panel, when t cool /t ff is low (c.f. Fig. 6 and discussion below), we see significant amounts of low entropy gas, which will cool to fuel both star formation and SMBH growth. When feedback from the SMBH pushes up t cool /t ff in the second panel, there is a decline in low entropy gas within 20 kpc in the second panel. In the third panel, low-entropy gas is essentially absent from the core; this coincides with drops in both star formation and SMBH activity in the BCG. This suggests that the cold gas reservoir is depleted by secular processes, notably star formation, although enough gas remains to fuel AGN activity. The cold gas mass decreases, and thus the mean entropy of the hot phase increases at r = 5−20kpc, so that the entropy profile on average steepens. It is only in the final panel, 0.2Gyr after pericenter passage, (bottom-right) in the ICM at the four key epochs: before (purple) and after (blue) quenching, between quenching and beginning of the merger (orange), and during the merger (red). All quantities are scaled with the redshift expansion factor E(z) following Kaiser (1986) . There is an increase in the thermal pressure within the central 0.04R 500 during the increased AGN activity and the beginning of the merger. These two events also result in an increase in the entropy at radii r = (0.02 − 0.2)R 500 . As the merger proceeds, the gas in the cluster core continues to heat, resulting in a flat entropy profile at r < 0.3R 500 .
that the entropy in the central ∼10 kpc is raised by an order of magnitude.
The top panel of Fig. 6 shows the ratio of cooling time (t cool ) to free-fall time (t ff = 2r/g) at each of the four time bins. Within the first time bin, when AGN feedback is relatively quiet and star formation is still ongoing in the BCG, the ratio is significantly lower, falling to values as low as ∼ 10. The subsequent steps, during which the BCG is in the process of quenching and the AGN is active, the ratio does not drop far below ∼ 30. This is consistent with observational finding of the multiphase gas present primarily in groups and clusters with t cool /t ff ≈ 10 − 30, marked with the dotted lines in Fig. 6 (Hogan et al. 2017; Voit et al. 2018) .
The bottom panel of Fig. 6 compares the cooling time to the Hubble time, t H . Even after the CC is disrupted, this ratio remains small, ∼0.1, corresponding to ≈ 1.2Gyr. This indicates that the CC will likely form again in the future unless it experiences another disruption event by another merger. In our simulation, the CC is not restored by the end of the simulation 1.5Gyr later. This means that heat contin-ues to be injected into the ICM by bulk motions, turbulent dissipation, and subsequent shocks as the merger continues. According to Poole et al. (2006 Poole et al. ( , 2008 , the latter phase can last for 3-4 Gyrs.
As a proxy for the rate at which gas is precipitating out of the ICM, we show in left panel of Fig. 7 the mass of gas with entropy more than 1σ below the mass-weighted average at a given radius that is falling towards the cluster centre, defined as,
where the sum is over all the particles i in the cluster-centric distance bin between r and r + ∆r whose radial velocity is v r < 0 and whose entropy is one standard deviation below the mass-weighted average entropy at that radius, i.e. K i < (K(r) − σ K(r) ). Again, we stress that not all of this gas is coming from precipitation and instead could be brought to the cluster core via other cluster galaxies. Still, studying this evolution is instructive. Between the star-forming (AGNquiet, dark blue and AGN-loud, light blue) and quenching (orange) epochs, the amount of low entropy, infalling gas decreases between ∼ 10-30 kpc. This region matches that of Figure 5 . The entropy distribution of all the gas particles within 500kpc of the halo centre. The purple line shows the mass-weighted average of the hot (T > 10 6 K) X-ray emitting gas. Red points are particles that received heat from the AGN any time after t = 6Gyr. The colour map is the probability distribution of particles at a given point in the grid, logged to make the structure in the distribution visible. The vertical dotted lines show R 500 at the corresponding snapshot. AGN heating clearly removes gas from the cluster centre, since the red particles rapidly settle at r > 30kpc where their entropy is close to the average profile. However, the entropy in the inner ∼30kpc remains low until the merger, with plenty of gas significantly lower in entropy than the average. The merger diminishes the amount of cold gas at all radii, and elevates the core entropy within 1Gyr of the subshalo entering the virial radius of the main halo. The core does not revert to a CC state even 2Gyr after the onset of the merger. increased t cool /t ff in Fig. 6 , and also where the AGN-heated particles start to settle in Fig. 5 . This indicates that AGN feedback energy is deposited in this region slightly outside the center of the BCG. The central ∼10kpc, however, remains largely unaffected, with the low entropy gas being slowly depleted by star formation. This is consistent with the observations of McDonald et al. (2017) , which showed that cluster cores are surprisingly stable from z = 1.9 (t = 3.5 Gyr) to the present day. The feedback loop appears to be much more tightly regulated in this region.
The right panel shows the total mass of infalling cold gas in the central 10kpc as a function of time (solid line), overlaid with the black hole accretion rate. During the epochs of strong AGN activity there is a gradual decline in the cold gas flowing into the BCG but still it remains roughly con-stant until the merger. Only then does the infalling cold gas mass rapidly fall by almost two orders of magnitude. Along with it, the AGN activity also declines as it loses its supply of cold gas. This indicates that the merger disrupts the self-regulating loop between precipitation in the ICM and AGN activity. Also shown in the right-hand panel are the low entropy gas at 10-30 kpc scales (dashed) and HI mass within 10 kpc. The decline in cold gas at larger radii is more pronounced during the periods of high AGN feedback from ∼ 8 − 11.5 Gyr. Between the light blue and orange periods, when the BCG is actively quenching, the amount of HI gas in the BCG decreases significantly. While AGN feedback is able to gradually affect the amount of cold/cooling gas in the center of the cluster, the merger results in a significant At early times when the BCG is actively forming stars, the ratio is as low as 10. During the period when AGN activity is quenching star formation and decreasing the amount of cold gas in the center of the cluster, the ratio hovers around 30. The dashed lines represent the approximate unstable region predicted by theory and supported by observations. AGN feedback is able to increase this ratio to avoid runaway cooling and star formation. Bottom panel: The cooling time as a function of cluster-centric radius. The evolution seen in the top panel is due to an increase in the cooling time, particularly within ∼ 0.1 R 500 as well as a steepening of the cooling time evolution with cluster-centric radius. Even as star formation quenches in the BCG, the cooling times are significantly below a Hubble time. While the cooling times are increased by a factor of several during the merger at the end of the simulation, they are still as low as 10% the Hubble time. The on-going merger is a likely source for continued heating at z = 0, but this suggests that the CC is likely to reform within a few Gyr following the merger in absence any continued heating source. disruption of gas structure within the central 10 kpc in particular.
Disruption of the cool-core
Early baryonic simulations suffered from an overcooling problem, where too much cold gas accumulated in galaxy and cluster cores (e.g., Lewis et al. 2000; Nagai et al. 2007b; Borgani et al. 2008; Vazza 2011; Borgani & Kravtsov 2011 ). Since then, several phenomenological models of AGN feedback have succeeded in producing realistic gas and star formation profiles and galaxy luminosity distributions in cosmological simulations (Brighenti & Mathews 2006; Sijacki et al. 2007; Vazza et al. 2013; Weinberger et al. 2017 ), and some are even able to produce fractions of CC/NCC clusters that are in agreement with the observations (Rasia et al. 2015; Hahn et al. 2017; Barnes et al. 2018) . Still, a clear sense of how this dichotomy is established and maintained remains elusive. The high resolution of RomulusC allows us to understand the mechanism of AGN feedback by directly following the outflows launched by it and studying their impacts on the surrounding gas.
We see in Fig. 1 and 7 that the AGN activity can effect both star formation and gas cooling in the galaxy core when the cluster is isolated and dynamically relaxed. However, in Fig. 8 , the entropy of gas inside 10 kpc remains low at all levels of AGN activity before the merger. One reason, as shown in Fig. 5 , is that particles receiving thermal energy from the AGN quickly move out to large radii until they are in equilibrium with their surroundings, instead of dissipating that heat to other gas particles close to them. It is insightful to ask how the energy imparted by AGN feedback compares to that necessary to move the cluster core from a CC to a NCC state. It is widely believed that energy feedback from the AGN heats the ICM over some timescale τ, which depends on the heating channel (Mcnamara & Nulsen 2007) . Part of the heating is thought to come from the buoyant rising of the heated gas, which happens on the buoyant time scale, which in turn is of the order of the r/v K where v K is the Keplerian velocity (Churazov et al. 2001) . By the time a bubble expands to 0.1R 500 , this is of the order 10 Myr. A rolling sum of the feedback energy over this timescale averages around 10 62−63 erg when the AGN is active all the way until the merger, sufficient to disrupt CC . Depending on where it is in its duty cycle, the AGN outputs between 10-100% of the energy are needed to produce the same entropy increase by the merger. Clearly, this energy is not deposited within the cooling region, does not couple efficiently with the ICM, nor it would have formed a NCC on its own.
Galaxy cluster mergers generate significant bulk and turbulent gas motions, which in turn can be converted into heating of the ICM through the combination of mixing and turbulent dissipation (Poole et al. 2006 (Poole et al. , 2008 ZuHone et al. 2010; ZuHone 2011 ). Fig. 9 shows the level of random gas motions of hot (T > 10 6 K) X-ray emitting gas in galaxy clusters. Gas velocities are significant at all radii; pre-merger, these are dominated by rotation of the BCG gas disk (tangential velocity) out to ∼30 kpc. After the merger, the gas disk of the BCG is completely destroyed by the merger, so those tangential motions no longer contribute to the velocity dispersion. Fig. 3 shows that the disk is disrupted, the AGN is quenched so outflows cease, and all the remaining motion is isotropic sloshing by the substructure. Outside the central 0.1R 500 , the velocity dispersion at all times flattens around 200 km/s, consistent with what galaxies are known to generate during their movement through the ICM (Ruszkowski & Oh 2011) .
Bulk motions of the gas are also a source of pressure support against the gravitational potential of the cluster, in addition to the thermal pressure of the ICM. This nonthermal pressure fraction, P nt /P tot = µm p σ 2 v /(2k B T + m p σ 2 v ), translates into the deviation from hydrostatic equilibrium, which is a key assumption in mass measurements both from X-ray and SZ observations (e.g., Nagai et al. 2007a; Mahdavi et al. 2008 Mahdavi et al. , 2013 Hoekstra et al. 2015; Biffi et al. 2016; Shi et al. 2016) . Large-box cosmological simulations to date have found that this non-thermal pressure fraction increases with halo mass, and increases with cluster-centric distance, since mergers and accretion are a major source of this pressure are more frequent in high mass clusters (Lau et al. 2009; Nelson et al. 2014; Shi et al. 2015) . Consistent with these results, Mahdavi et al. (2013) find via a joint X-ray and weak lensing analysis of 50 observed galaxy cluster systems that while CC clusters show no evidence of hydrostatic mass bias, NCC clusters exhibit a 15%-20% bias between R 2500 and R 500 .
The non-thermal pressure fraction for RomulusC is shown as a function of the cluster-centric radius in the bottom panel of Fig. 9 . For comparison, the black line shows the average non-thermal pressure fraction of 65 massive galaxy clusters from the Omega500 non-radiative simulation (Nelson et al. 2014) . The merger does increase the velocity dispersion and non-thermal pressure support outside 0.1R 500 , but within the core (r 0.1R 500 ) this is actually reduced, because the central region was dominated by strong tangential gas motions associated with gaseous disk of the BCG and outflows from the AGN, both of which are disrupted by the merger. The one-dimensional average velocity dispersion in the central 0.1R 500 of RomulusC, on the other hand, is 200-400 km/s. Breaking this down into radial and tangential components, we find that the higher values in the center are dominated by the rotation of the BCG. Outside the core, and at all radii after the merger, the values are consistent with the 150-200 km/s measured by Hitomi in the Perseus cluster (Hitomi Collaboration et al. 2018 ) and numerical simulations (Lau et al. 2017; Bourne & Sijacki 2017) . We discuss compatibility with observations and simulations in further detail in the next section. The average one-dimensional velocity dispersion as a function of cluster-centric distance. Prior to the merger, gas motions are relatively low outside of 0.1R 500 then rise for the innermost regions of the cluster. This increase in gas motions is due primarily to strong rotation that dominates the inner ∼ 10 kpc of the cluster. The exception to this is at the smallest distance scales shown the dispersion becomes dominated by radial outflows from the AGN. The merger event results in a slight increase to gas motions on large scales and disrupts this rotational motion in the cluster core. This dynamically active phase also results in a larger spread of gas motions within 0.1 R 500 . Bottom panel: The fraction of non-thermal pressure support for cluster gas compared to analytic results derived from lower resolution cosmological simulations (Nelson et al. 2014 ). Outside 0.1R 500 thermal support dominates except for at the cluster outskirts. Rotational motion and AGN outflows result in strong non-thermal support within 0.1R 500 . The merger event disrupts this non-thermal support.
DISCUSSION
Comparison with Other Cosmological Simulations
Cosmological simulations of clusters provide a realistic environment and assembly history within which to study their evolution, self consistently modeling the effect of both feedback processes as well as cosmological accretion and substructure on the ICM and BCG evolution. Generally, the major limiting factor of such simulation is their poor resolution. A major strength of RomulusC is its resolution, matched only by the TNG50 simulation (Nelson et al. 2019) to date. This is critical for a proper treatment of both feed-back processes, as well as to resolve the multiphase structure of the ICM (Butsky et al. 2019 ). The TNG suite implements AGN feedback as an isotropic momentum kick instead of a thermal injection with a local cooling shutoff; in a comparative study of different sub-grid heating models (Smith et al. 2018) , these two prescriptions were found to have the best convergence with resolution. The differences due to both the hydrodynamic solver and feedback implementation, however, are expected to decrease at higher resolutions. Indeed, similar to RomulusC, Nelson et al. (2019) find that even though the energy input is isotropic, the outflows are collimated as they follow the path of least resistance perpendicular to the gas disk of the galaxy. They also find that the AGN activity quenches star formation in the late stages of the galaxy's evolution, but continues after star formation is quenched.
Our finding that mergers are crucial to disrupting the quasi-equilibrium between the AGN and the CC is in agreement with larger, lower-resolution cosmological simulations suites (Rasia et al. 2015; Hahn et al. 2017) . In contrast, the C-Eagle suite Barnes et al. (2017) results in cluster cores that are too gas rich, temperatures and entropies that are higher than observations, and a dearth of CC clusters. In the much larger box of Illustris-TNG300, (Barnes et al. 2018) found that CCs are not more relaxed than NCCs, suggesting that mergers are not the major drivers of NCC formation. This is in contrast to recent works (e.g. Rasia et al. 2015; Hahn et al. 2017 ) that produce realistic CC/NCC fractions but agree with our finding that mergers drive the NCC formation. This is an interesting discrepancy that should be explored in further work.
Relation to Theoretical Models for AGN-regulated Cooling
Simulations of isolated clusters and analytic models describe how gas can become unstable in the ICM, "precipitating" out of the hot gas and falling onto the BCG and central SMBH as it cools (e.g. Sharma et al. 2012; Gaspari et al. 2013 Prasad et al. 2017 Prasad et al. , 2018 . As this gas feeds the central SMBH, the resulting feedback in turn regulates this cooling (Gaspari & S adowski 2017; Voit et al. 2017; Prasad et al. 2017 Prasad et al. , 2018 . Observations of cooling flows and gaseous disks in the centers of galaxy clusters and groups (e.g. Tremblay et al. 2018; Juráňová et al. 2019; Rose et al. 2019) , as well as the nature of scaling relations between the temperature, X-ray luminosity, and central SMBH mass of groups and clusters (Voit 2018; Gaspari et al. 2019 ) support this picture. The stability of the ICM against this rapid cooling is encapsulated in the ratio of cooling time to free-fall time of the gas (e.g. McCourt et al. 2012; Sharma et al. 2012; Prasad et al. 2015; Voit et al. 2017) , although other criteria have been suggested as well (Voit et al. 2008; Gaspari et al. 2015 Gaspari et al. , 2018 . The evolution of cooling to free-fall time for RomulusC presented in Fig. 6 shows that our results are broadly consistent with this picture of precipitation-regulated cooling, though we stress that it is possible we still lack the resolution to fully resolve this instability. We do not expect significantly low ratios (t cool /t ff ∼ 1) because in this scenario the halo gas is very unstable and will lead to rapid cooling and therefore heating due to feedback which will quickly bring the ratio back to higher values (Voit et al. 2017) . Typical cooling to free-fall time ratios for observed clusters lie in a range ∼ 10 − 30 (Hogan et al. 2017; Voit et al. 2018) , though values below 10 have been observed Babyk et al. 2018) . Ratios below 30 are seen in clusters with significant multiphase gas, whereas values around 30 or above are coincident with ICM that are mostly single phase . As shown in Fig. 6 , the t cool /t ff ratios in the Ro-mulusC are typically no smaller than 10 and, but the ratios fall well below 30 during the phase with significant cooling and star formation in the core. During the period when the BCG is quenching due to strong, large-scale outflows driven by the AGN ) the ratio remains steady at or just below ∼ 30, consistent with observed clusters with less multiphase gas in their centers.
As shown in Butsky et al. (2019) , the ICM of Romu-lusC is multiphase, which is why it is important to have such high resolution in order to fully resolve gas cooling. However, despite this resolution, we stress that we do not test whether we fully resolve the thermal instabilities described in the theoretical models, nor do we test for conversion with resolution. It is possible much of this cooling is yet unresolved, in addition to it being affected by the lack of metal line cooling in the simulation as discussed below. Despite these uncertainties, the fact that we see AGN-regulated gas cooling that quenches star formation with realistic values of t cool /t ff in a fully cosmological simulation is an important result and further supports this theoretical picture of CC clusters.
The Stability and Disruption of the Cool Core
One of our main conclusions is that AGN activity alone is not capable of converting the CC into a NCC. This is in contrast to the results of idealized simulations of AGN feedback in the ICM (e.g., Li et al. 2015; Li et al. 2017) , where gas in the core goes through cycles of over-and under-heating by the AGN, corresponding to CC and NCC states of the core gas. There can be two factors at play here. First, their ICM did not have turbulence other than that sourced from the AGN outflows. Gaspari et al. (2013) and Prasad et al. (2018) have shown that the presence of turbulence in the ICM enhances the formation of cold phase gas by 1-2 orders of magnitude. In the absence of this turbulence seeding additional thermal instability at larger radii, such idealised simulations have a much easier time overheating the core, since the core is not replenished as efficiently by inflows. Secondly, few idealised simulations have included a BCG, such as the one that forms in RomulusC. Prasad et al. (2018) found that adding a BCG potential increases the core density and decreases the core entropy, fortifying the CC and making it harder to disrupt.
The merger fundamentally disrupts the AGN-ICM equilibrium in three key ways. First, it shocks the gas in the core (Poole et al. 2006; McCarthy et al. 2007) . We see this as a overpressured core in Fig. 3 , which expands and dissipates by the following snapshot, when the CC is disrupted. Secondly, the impact physically removes cool gas from the core of the main cluster and brings in high-entropy gas from larger radii into the core (Poole et al. 2006 (Poole et al. , 2008 ZuHone et al. 2010; ZuHone 2011) . As with the idealised simulations of very low impact parameter, high mass ratio mergers, different phases of the ICM from different radii are mixed together. Third, this sloshing cascades into smaller scale turbulent motions which in turn dissipate into heat (Miniati 2014; Banerjee & Sharma 2014; Wittor et al. 2017 ). This has been hard to separate in our simulation, because velocity dispersion is also generated by AGN outflows and the rotating BCG gas disk. Quantifying the roles of each heating channel and its detailed mechanism is therefore beyond the scope of this paper, and we leave it to future work.
The gas velocities in the center of RomulusC while it is in its CC state are larger that those observed in the Perseus cluster using Hitomi (Hitomi Collaboration et al. 2018) , though Hitomi's spectroscopic measurement of the Perseus alone does not strongly constrain the rotational motions in cluster cores. While large gaseous disks have been observed in the centers of massive halos (Hamer et al. 2014) , they are often difficult to detect. Observations of molecular and neutral gas in the center of CC clusters have been observed to have significant rotational velocities (Russell et al. 2019) . As the AGN feeback regulates gas cooling on larger scales in RomulusC the rotationally supported core shrinks by a factor of ∼ 2, evident from the evolution shown in Fig. 9 .
How realistic the presence of this rotationally supported core is uncertain. In future work we will examine the morphology of the BCG, as well as central galaxies in low mass groups, with respect to observations. The model for AGN feedback may also affect this structure and the presence of such a rotationally supported disk may be explained by feedback that is too inefficient, potentially supporting the need for variable efficiency similar to two-mode models. Important for our results, the presence of such rotational support likely helps keep the CC stable against disruption from the AGN, requiring instead a more catastrophic event like a head-on merger. Differences from other idealized and cosmological simulations already point to a dependence on AGN feedback prescription for the evolution of CCs. However, we stress that the result that AGN feedback regulates cooling and star formation while maintaining the cluster's CC structure remains important and robust despite these uncertainties. Understanding the effects of different AGN implementations will require further comparison with results from cosmological simulations of similar resolution (e.g. TNG50) as well as a larger sample of high resolution simulations of massive halos.
Important Caveats
As discussed at length in Tremmel et al. (2019) , the Romulus simulations do not include the effects of high temperature metal lines, an important coolant in the hot gas of massive halos. This will primarily affect the accretion history of gas onto the central galaxy, though this process is affected by the details of stellar and AGN feedback implementations as well (van de Voort et al. 2011a,b) . Were we to have included metal line cooling, gas feeding star formation and SMBH activity at later times might have cooled sooner which would affect when quenching takes place as well as the physical state of the ICM at the time of the merger. However, we stress that even without metal line cooling, the cooling times in the core of RomulusC during the CC phase are sub-Gyr (Figure 7) , meaning that this alone cannot explain the regulation of cooling and that additional heating from both AGN and the merger event is required to regulate and quench star formation, as well as disrupt the CC. Further, our results on the ratio t cool /t ff are robust to changes in the cooling function as this ratio simply determines how unstable the gas is to cooling out of the ICM and falling onto the BCG and central SMBH. Lowering this ratio will increase feedback and lead to an increase in cooling time (Voit et al. 2017) . Our prediction that large-scale AGN feedback can regulate cooling without disrupting the CC is a robust result regardless of uncertainties in the cooling function or, equally importantly, the chosen model for AGN feedback.
The details of AGN feedback are highly uncertain, and RomulusC does not include the effects of magnetic fields or cosmic rays, which have been shown to play an important role in transfering feedback energy into the ICM. Ruszkowski & Oh (2010) , for example, showed that in the presence of tangled magnetic fields, as expected in a turbulent ICM, thermal conduction from the hot outskirts to the core can be significant. Enßlin et al. (2011) showed similar weakening of CC structure by cosmic rays. Each of these would make it easier to form a NCC using AGN activity alone, since the core would never get as cold and dense as in their absence (see e.g., Nulsen 1982; Sarazin 2004; Mcnamara & Nulsen 2007 , for a review). The role of each of these physical processes is currently being explored by idealised simulations (e.g., Ruszkowski et al. 2007; Sharma et al. 2009; Parrish et al. 2009; Enßlin et al. 2011; Parrish et al. 2012; ZuHone et al. 2013; Kannan et al. 2016; Yang & Reynolds 2016a) . Further testing of the effects of different feedback mechanisms will be important. The results of this paper should be seen as a proof-of-concept that it is possible to regulate cooling and star formation with large-scale AGN feedback without disrupting the structure of the ICM.
CONCLUSIONS
Using the RomulusC high resolution cosmological simulation of a 10 14 M galaxy cluster we study the relative roles of AGN feedback and major mergers in regulating star formation and determining the structure of the ICM. With its unprecedented resolution, RomulusC is able to resolve the multiphase ICM (Butsky et al. 2019 ) and naturally produce large-scale collimated outflows from AGN that are able to quench star formation without destroying the cool-core (CC) structure of the ICM ). The simulation also undergoes a merger event at z ∼ 0.14 that is still ongoing at z = 0, which is coincident with the disruption of the CC. In this work we focus on understanding in more detail how AGN feedback is able to regulate star formation in the BCG while co-existing with the CC ICM structure and contrast this with the effect of the merger event. In order to do this, we examine the simulation within four time bins representing different phases of evolution: 1) BCG is star formining, 2) BCG is actively quenching, 3) the BCG is fully quenched, and 4) onset of the merger event. We find that:
(i) AGN feedback is able to quench star formation by reducing gas cooling at ∼ 10-30 kpc scales and steepening the entropy profile.
(ii) t cool /t ff ∼ 30 seems to be a critical transition between actively cooling/star-forming and quenching/quenched, as predicted by theory and observed in clusters.
(iii) Gas particles are heated directly by the AGN rise buoyantly to radii > 30kpc on very short timescales, so that their heat is not dissipated within the core itself.
(iv) The merger is more disruptive than AGN feedback, destroying the CC and decreasing AGN activity by 1-2 orders of magnitude.
(v) Cooling times in the core during the merger and CC disruption are of order 10% the Hubble time. While energy dissipated from the on-going merger actively prevents this cooling through z = 0 it is likely that shortly after the completion of the merger the CC will reform. This work shows how AGN feedback regulates star formation in CC clusters by regulating cooling on larger scales and co-existing with a CC. We predict that non-CC (NCC) clusters are likely the result of dynamical processes rather than AGN activity. The head-on major merger disrupts this quasi-equilibrium by reducing the mass of low-entropy, infalling gas from as far out as 30kpc, and by increasing the ratio t cool /t ff of the cooling to dynamical time. This means that gas takes longer to cool in the core, and also cannot be replenished by in-fall from the outer radii -both important processes while the cluster is isolated. While the dynamics of the merger is enough to keep the CC disrupted until z = 0 we have not run the simulation further to deetermine how long the NCC structure will last before the CC reforms if it does at all.
It is possible for hot AGN outflows to co-exist with cold, dense, rotationally supported gas, whereas such a plane of cold gas and collimated outflows perpendicular to it are simply unresolved in coarser simulations. Resolving the central tens of kiloparsecs also shows that velocity dispersion here is actually higher when the cluster is an isolated CC, due to tangential motions in its gas disk and radial outflows from the AGN. These values are much higher than what would have been expected from interpolating inwards from lower resolution simulations. After the merger, the velocity dispersion profile is almost flat, decreasing in the central 0.05R 500 but increasing outside of it. We leave it to future work to compute the extent to which sloshing motions would cascade down to the turbulent scale. Before it is disrupted by the merger, the BCG contains rotationally supported gas and strong tangential motions. Such disks have been detected in 10-20% of systems via cold molecular gas, and have only been observed in one system in X-ray; and could provide artificial stability to CC. However, this is in large part because the BCG is coincident with the X-ray luminous ICM core, and might yet be revealed by future X-ray spectroscopic instruments like Athena and Lynx.
Ultimately, RomulusC is a simulation of a single cluster, and a complete comparison to observations will require simulations of a larger sample of galaxy clusters. A significantly larger volume with similar resolution is very hard to achieve given current computational constraints. A promising alternative lies in the genetic modification (GM) technique of Roth et al. (2016) , which would allow us to systematically vary individual merger parameters such as mass ratio, impact parameter, and infall velocity, in a controlled fashion currently restricted to idealised simulations. The results from these GM studies can then be combined with the distribution of each merger parameter as extracted from large N-body simulations to make statistical predictions about the evolution of CC/NCC fractions over cosmic time. We will explore this possibility in future work.
